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The nature of the pairing symmetry of the first heavy fermion superconductor CeCu2Si2 has
recently become the subject of controversy. While CeCu2Si2 was generally believed to be a d-
wave superconductor, recent low temperature specific heat measurements showed evidence for fully
gapped superconductivity, contrary to the nodal behavior inferred from earlier results. Here we
report London penetration depth measurements, which also reveal fully gapped behavior at very
low temperatures. To explain these seemingly conflicting results, we propose a fully gapped d + d
band-mixing pairing state for CeCu2Si2, which yields very good fits to both the superfluid density
and specific heat, as well as accounting for a sign change of the superconducting order parameter,
as previously concluded from inelastic neutron scattering results.
The structure of the superconducting order parame-
ter has been frequently studied, due to its close rela-
tionship with the underlying pairing mechanism. While
the conventional electron-phonon pairing mechanism typ-
ically leads to s-wave states with fully opened gaps and a
constant sign over the Fermi surface [1], unconventional
superconductors with different pairing mechanisms often
form states with a sign changing order parameter [2, 3].
For instance, cuprate and many Ce-based heavy fermion
superconductors are generally believed to be d-wave su-
perconductors, with nodal lines in the energy gap on the
Fermi surface [4–6]. On the other hand, in the high tem-
perature iron based superconductors, an s±-state has
been proposed, with a change of sign of the gap func-
tion between disconnected Fermi surface pockets, but the
energy gap remains nodeless [7]. In this context, the
surprising recent discovery [8–10] of evidence for fully
gapped superconductivity in the first heavy fermion su-
perconductor CeCu2Si2 [11] requires further attention.
Superconductivity in CeCu2Si2 occurs in close prox-
imity to magnetism. Samples with either superconduct-
ing (S-type), antiferromagnetic (A-type) or competing
phases (A/S-type) are obtained via slight tuning of the
composition within the homogeneity range [12]. High
pressure measurements of CeCu2(Si1−xGex)2 reveal two
distinct superconducting domes, one centered around
an antiferromagnetic (AFM) instability at ambient/low
pressure, and another near a valence instability at high
pressure [13]. The close proximity of superconductiv-
ity to an AFM instability suggests that in CeCu2Si2 it
is driven by the corresponding quantum criticality. In-
elastic neutron scattering (INS) measurements clearly
indicate that the Cooper pairing is associated with a
damped propagating paramagnon mode at the incom-
mensurate ordering wavevector QAF of the spin-density
wave (SDW) order nearby in the phase diagram [14]. The
large intensity of the low energy spin excitation spectrum
at QAF, which reveals a spin gap in the superconduct-
ing state, as well as a pronounced peak well inside the
superconducting gap 2∆ ≈ 5kBTc [14, 15], implies a sign
change of the pairing function between the two regions
of the Fermi surface spanned by Q
AF
[16, 17]. The ab-
sence of a coherence peak and the ∼ T 3 temperature
dependence of the spin-lattice relaxation rate [1/T1(T )]
in Cu-NQR measured above 100 mK, further suggested
an unconventional superconducting order parameter with
line nodes in the gap structure [15, 18]. Angle resolved
resistivity measurements at 40 mK indicate a four-fold
modulation of the upper critical field Hc2, as expected
for a d-wave gap with dxy symmetry [19], while a sign
change spanning QAF is compatible with dx2−y2 pairing
symmetry [16]. Therefore, CeCu2Si2 behaves as an even-
parity d-wave superconductor, whose gap structure has
yet to be determined.
However, a recent specific heat investigation reported
exponential behavior of C(T )/T at very low temper-
atures, suggesting fully gapped superconductivity in
CeCu2Si2 [8]. Following this work, scenarios of multi-
band superconductivity with a strong Pauli paramag-
netic effect, loop-nodal s± superconductivity, and s++
pairing with no sign change were proposed [9, 10, 20, 21].
Furthermore, scanning tunneling spectroscopy down to
20 mK also hints at a multigap order parameter [22].
Indeed electronic structure calculations reveal that mul-
tiple bands cross the Fermi level [8, 23], and renormal-
ized band structure calculations show that the dominant
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FIG. 1. Specific heat as C(T )/T and resistivity ρ(T ) of (a)
S-type and (b) A/S-type CeCu2Si2.
heavy band (with m∗/me ≈ 500) leads to Fermi surface
sheets mainly consisting of warped cylinders along the
c axis [23]. The aforementioned discrepancies between
the pairing symmetries deduced from different measure-
ments show that the superconducting order parameter
of CeCu2Si2 is poorly understood. A particular puzzle
is how to reconcile the fully gapped behavior with the
previous evidence for a sign changing order parameter
and nodal superconductivity. Here we probe the super-
conducting gap symmetry by measuring the temperature
dependence of the London penetration depth, and pro-
pose a new scenario of a fully gapped d+ d band-mixing
pairing state, which reconciles all the seemingly contra-
dictory results.
RESULTS
Resistivity and specific heat
The samples were characterized using resistivity and
specific heat measurements, as shown for the S-type sam-
ple in Fig. 1(a). The residual resistivity of the S-type
sample in the normal state just above Tc is ρ0 ≈ 40 µΩ-
cm, and a superconducting transition is observed, onset-
ting around 0.65 K and reaching zero resistivity at about
0.6 K. The transition width of ≈ 0.05 K is in line with
recent reports [19]. The specific heat also shows a su-
perconducting transition with Tc ≈ 0.64 K, similar to
previous results [8]. The A/S-type sample [Fig. 1(b)]
displays a superconducting transition, onsetting around
0.62 K, with a lower residual resistivity of ρ0 ≈ 12 µΩ-
cm. The specific heat shows both an AFM transition
at TN ≈ 0.7 K and a superconducting transition at
Tc ≈ 0.53 K.
Temperature dependence of the penetration depth
Measurements of the change of the London penetra-
tion depth ∆λ(T ) = λ(T ) − λ(0) for the S-type sam-
ple are displayed in Fig. 2(a). As shown in the inset,
a sharp superconducting transition is clearly observed,
with an onset at around 0.62 K. To probe the super-
conducting gap structure, we analyzed the behavior of
∆λ(T ) at low temperatures, and the results are shown
in the main panel. The data were fitted with the ex-
ponential temperature dependence for a fully-open gap,
∆λ(T ) = AT−
1
2 e−∆(0)/kBT + B, where ∆(0) is the gap
magnitude at zero temperature and the constantB allows
for some variation in the extrapolated zero temperature
value. The fitting was performed up to 0.12 K (≈ Tc/5)
and as shown by the solid line in Fig. 2(a), the model can
account for the data with a gap of ∆(0) = 0.48kBTc. A
similar gap value of ∆(0) = 0.58kBTc is obtained from a
corresponding fit for the A/S-type sample, as displayed
in the main panel of Fig. 2(b). The small gap values
in both cases means that ∆λ(T ) only saturates at very
low temperatures. The results indicate similar supercon-
ducting properties of the S− and A/S-type samples and
are consistent with the fully gapped superconductivity
reported for an S-type single crystal in Ref. [8].
The penetration depth of the S- and A/S-type sam-
ples could also be described by a power law dependence
∼ T n (SIAppendix), with n = 2.24 and 2.43 respec-
tively, when fitting from the base temperature to 0.12 K.
For line nodes in the superconducting gap in the pres-
ence of impurity scattering, ∆λ(T ) may show quadratic
behavior at low temperatures which crosses over to linear
behavior at an elevated temperature [24]. To check how
the exponent n evolves with temperature, we also fitted
with the power law expression from the base temperature
up to a range of temperatures Tup, and the dependence of
n on Tup is shown in the inset of Fig. 2(b). It can clearly
be seen that for both samples, n increases with decreas-
ing Tup, with n > 2. This indicates that the true low
temperature behavior is not a ∼ T 2 dependence, as ex-
pected for a dirty nodal superconductor, but n increases
as expected for superconductivity exhibiting a full gap.
Therefore both the specific heat and ∆λ(T ) data are con-
sistent with fully gapped superconductivity at very low
temperatures.
Analysis of the superfluid density
The superfluid density was calculated using ρs(T ) =
[λ(0)/λ(T )]2 and is displayed for both S- and A/S-type
samples in Fig. 3, where λ(0) = 2000 A˚ [25]. The
superfluid density was fitted following the method of
Ref. [26], for a gap ∆k(T ) integrated over a cylindri-
cal Fermi surface. The superfluid density data were fit-
ted with an isotropic s-wave model with a gap ∆(T ) =
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FIG. 2. The change in London penetration depth ∆λ(T ) at
low temperature for an (a) S-type and (b) A/S-type sam-
ple of CeCu2Si2. The solid lines show fits to a fully gapped
model described in the text while the dashed lines show fits
to a power law temperature dependence of ∆λ(T ) ∼ Tn. The
data across the whole temperature range of the superconduct-
ing states are displayed in the inset of (a). The inset of (b)
shows n when the data are fitted with ∆λ(T ) ∼ Tn up to a
temperature Tup.
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[27], as well as a d-
wave model with line nodes (∆k(T, φ) = ∆(T )cos2φ,
φ=azimuthal angle). As shown in Fig. 3(a), a single-
band isotropic s-wave gap cannot account for the data
of the S-type sample, in contrast to the low temperature
∆λ(T ) data discussed above [Fig. 2(a)] . The single-
band d-wave model shows reasonable agreement above
0.5 Tc, but the agreement is poor at low temperatures,
since for this model ρs(T ) is linear, but the data are
not. The agreement with the d-wave model at higher
temperatures is consistent with the previously reported
evidence for d-wave superconductivity. The data were
also fitted using a two-gap s-wave model [27], and this
gives reasonable agreement. The fitted gap values are
∆1(0) = 1.96kBTc and ∆2(0) = 0.75kBTc , with a frac-
tion for the larger gap of x1 = 0.74. Both gap values are
slightly larger than the ones obtained for the two-gap
model in Ref. [8]. Similarly, neither the s- nor d-wave
single-band models could describe the superfluid density
of the A/S-type sample at low temperatures [Fig. 3(c)],
but the data could be fitted using a two-gap model with
∆1(0) = 2.0kBTc, ∆2(0) = 0.75kBTc, and x1 = 0.74.
On the other hand, it is difficult to reconcile an s-
FIG. 3. Superfluid density of CeCu2Si2 fitted with various
models. Fits for the S-type sample are shown for (a) two
fully-open gaps, as well as s- and d-wave models denoted by
solid, dotted and dashed lines respectively, and (b) a d + d
band-mixing pairing model. Fits for the A/S-type sample are
shown for (c) two fully-open gaps, as well as s- and d-wave
models denoted by solid, dotted and dashed lines respectively,
and (d) a d+ d band-mixing pairing model.
wave model with the evidence for a sign changing gap
function, as concluded from the inelastic neutron scat-
tering response, where a sharp spin resonance forms at
the edge of a spin gap well inside the superconducting
gap [14]. Moreover, the incommensurate ordering wave
vector of the nearby SDW (QAF) is identical to the nest-
ing wave vector spanning the flat parallel parts of the
warped cylinders [28]. This shows that there is a sign
change of the pair wave function inside the dominating
heavy-fermion band, which is incompatible with a node-
less s± pairing state [21]. On the other hand, if there is
no sign change of the gap function across the Fermi sur-
face, ∆k∆k+q = |∆k||∆k+q|, the coherence factor in the
spin susceptibility χ′′(q, ω) is vanishingly small [29, 30].
Consequently, in this case, the spin spectrum will not
have a sharp peak, although there may be a broad en-
hancement of the spectral weight above 2∆ [31]. How-
ever, when there is a change of sign of the gap func-
tion between regions of the Fermi surface connected by
q = Q
AF
, there is an enhanced coherence factor since
∆k∆k+q = −|∆k||∆k+q|. This gives rise to a sharp peak
in χ′′(q, ω) below 2∆, leading to the conclusion that there
must be a sign changing order parameter in CeCu2Si2
[16, 17]. By a similar argument, the lack of a coher-
ence peak in NQR measurements also strongly disfavors
superconductivity without a sign reversal [15, 18, 32].
Furthermore, given the strong Coulomb repulsion in Ce-
based heavy fermion superconductors, the order parame-
ter must be anisotropic with a sign change, without run-
4FIG. 4. An illustration of the warped parts of the cylindrical
Fermi surfaces (red) in CeCu2Si2 at particular values of kz,
corresponding to the nesting portions of the three-dimensional
Fermi surface, as well as additional smaller pockets (blue) pro-
jected onto the kx−ky wavevector plane [23]. The component
Q
‖
AF
of the antiferromagnetic wavevectorQ
AF
projected into
the same wavevector plane connects the parts of the heavy
Fermi surface with a sign change in the intraband pairing
component. The corresponding Fermi surface and nesting
wavevector τ = Q
AF
in the three-dimensional space are
those displayed in Fig. 3(b) of Ref. [28].
ning into the issue of a large µ∗ [33]. In other words, the
f -electrons have a Coulomb repulsion that is much larger
than their effective Fermi energy, and they must avoid
each other, thereby excluding any sign-preserving pairing
function. In such strongly correlated superconductors,
even anisotropic and sign-changing pairing states can be
robust against disorder [33]. Indeed, potential scattering
(due to a site exchange between Cu and Si of less than
1% within the homogeneity range [34]) which enhances
the residual resistivity by a factor of ≈4, apparently has
an almost negligible influence on Tc, cf. the resistivity
results on the S- and A/S-samples in Figs. 1(a) and (b).
Also, recent experiments on electron-irradiated samples
revealed only a minor change of Tc [9]. At the same time,
just like in the cuprates, the effect of substitutional dis-
order on Tc is known to be site and size dependent [35].
For CeCu2Si2, the superconducting Tc was found to be
extremely sensitive to non-magnetic substitutions on the
Cu site: for example, Rh, Pd, and Mn substitution for
Cu at a level of ≈1 at% fully suppresses superconductiv-
ity [35], which is impossible to account for in the scenario
of an s-wave state without a sign change of the order pa-
rameter. Further studies are needed to develop a detailed
understanding of all these observations.
In the present work, we consider a pairing function
which, by analogy with an sτ3 pairing state [36], has an
effective gap as a result of intraband pairing with dx2−y2
symmetry and interband pairing with dxy symmetry; our
pairing function preserves both the fully gapped nature
and order parameter sign change along QAF on a single
nested Fermi surface. The sτ3 pairing state was intro-
duced in the context of the iron-based superconductors
(SIAppendix) [36], as part of the studies about orbital-
selective superconducting pairing [37–40]. There, the
pairing function has the form ∆ ∼ sx2y2(k)× τ3 (“sτ3”),
as a product of an s-wave form factor and a Pauli matrix
in the dxz, dyz orbital sub-space. For that case, the inter-
orbital mixing in the dispersion part of the Hamiltonian
ensures that in the band basis the pairing is equivalent to
a superposition of intra- and inter-band components with
dx2−y2(k) and dxy(k) form factors respectively. The re-
sulting quasiparticle spectrum acquires a non-vanishing
|∆(k)|2 contribution, as the two components are added
in quadrature, ensuring a full gap on the whole Fermi
surface with a sign change of the intraband component
of the gap function. It is also shown how this pairing
channel can be stabilized within a self-consistent five-
orbital model, with a full gap and a resonance in the
spin-excitation spectrum. Similar to the case considered
in Ref. [36], QAF of CeCu2Si2 will connect two parts of
the Fermi surface with a sign change in the intraband
component of the gap function (see Fig. 4), thereby gen-
erating an enhanced spin spectral weight just above a
threshold energy E0 = 3.9kBTc [14], inside the super-
conducting gap 2∆1 ≈ 5 kBTc, see below and [15].
In the following, we apply a simplified model for the
gap structure to CeCu2Si2, given by summing contribu-
tions from the two d-wave states in quadrature, with
∆(T, φ) = [(∆1(0)cos(2φ))
2 + (∆2(0)sin(2φ))
2]
1
2 δ(T),
where δ(T ) is the gap temperature dependence from
Bardeen-Cooper-Schrieffer theory [1], which we used pre-
viously. In general, a d+d band-mixing pairing can intro-
duce corrections to the gap given above, due to the non-
degeneracy of the bands throughout the Brillouin zone,
which would then lead to an extra parameter, the band
splitting. In the following, we will show that the data can
be well fit by the simple function without this extra pa-
rameter. Although the dxy and dx2−y2 states each have
two line nodes, the nodes of the two states are offset by
pi/4 in the kx−ky plane and as a result, the gap function
is nodeless everywhere on a cylindrical Fermi surface. It
should also be noted that for this model the same ρs(T )
is calculated upon exchanging ∆1(0) and ∆2(0). The su-
perfluid density of the S-type sample was fitted using this
model and the results are shown in Fig. 3(b). It can be
seen that such a model can also fit the data well, with gap
parameters of ∆1(0) = 2.5kBTc and ∆2(0) = 0.58kBTc.
In Fig. 3(d), ρs(T ) for the A/S-type sample is equally
well fitted, with similar parameters of ∆1(0) = 2.54kBTc
and ∆2(0) = 0.6kBTc. The values of the larger gap agree
almost perfectly with the gap value obtained from Cu-
NQR measurements at higher temperatures [15]. Fur-
thermore, this model only uses two fitting parameters,
while the two band s-wave model of Ref. [8] needs three.
50.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0
0.5
1.0
1.5
2.0
 Kittaka et al.
  d + d
 
 
C
SC
/(
T)
+1
T (K)
1(0) = 2.08 kBTc
2(0) = 0.55 kBTc
FIG. 5. Specific heat of S-type CeCu2Si2 digitized from
Ref. [8]. The solid line shows a fit to the d + d band-mixing
pairing model.
Analysis of the temperature dependence of the
specific heat
We also reanalyzed the specific heat data digitized
from Ref. [8] using the d+ d band-mixing pairing model.
As shown in Fig. 5, the data can also be well described us-
ing this model, with fitted parameters∆1(0) = 2.08 kBTc
and ∆2(0) = 0.55 kBTc. The value of the small gap is
similar to that obtained from the superfluid density fit,
while the large gap is smaller in comparison. It should be
noted that the calculated superfluid density requires an
estimation of G/λ(0), where G is a calibration constant
for the TDO method, and the small differences in the gap
values from the fits may arise due to uncertainties in this
value.
DISCUSSION AND SUMMARY
Both the superfluid density and specific heat results
are highly consistent with a model of the d + d band-
mixing pairing state, which most importantly also ex-
plains the sign change of the superconducting order pa-
rameter. Although the fully gapped nature of the pairing
state means that the density of states N(E) is zero at
low energies, N(E) is nearly linear above the small gap,
much like for pairing states with line nodes. This is also
consistent with the literature results showing d-wave su-
perconductivity [15, 18], which were not obtained at low
enough temperatures to observe clear evidence for fully
gapped behavior. The lack of a coherence peak below Tc
in the Cu-NQR 1/T1(T ) measurements [15, 18, 32] can
also not be accounted for by a two-gap s-wave model,
but is readily taken into account by the anisotropic d+d
state, which changes sign along QAF across the Fermi
surface. We note that the effective gap corresponding
to a d + d band-mixing pairing is formally identical to
one obtained from a d + id pairing and the good fits
to ρs(T ) and the specific heat are also consistent with
this pairing. In the d + id state, time-reversal symme-
try would be broken and although no clear experimental
indication of a time-reversal symmetry breaking super-
conducting state was found from µSR measurements of
A/S type samples [41], this requires further study. By
contrast, a d+ d band-mixing pairing is invariant under
time-reversal, while generating the expected sign-change.
From a theoretical perspective, unconventional super-
conductors in the presence of strong correlations are gen-
erally expected to be robust against disorder [33]. This
has been demonstrated in models for strongly correlated
superconductivity driven by short-range spin-exchange
interactions[42, 43]. The sτ3 pairing state [36] arises in a
similar fashion, and is also expected to be robust against
disorder. Because the 4f -electrons in heavy fermion sys-
tems undoubtedly have strong correlations, the d + d
band-mixing pairing state proposed for CeCu2Si2 should
be similarly robust to disorder, except for atomic substi-
tutions [35, 44].
In conclusion, we have studied the change of pene-
tration depth ∆λ(T ) and normalized superfluid density
ρs(T ) of the heavy fermion superconductor CeCu2Si2
(both A/S- and S- type samples). The behavior of
∆λ(T ) at very low temperatures agrees with fully gapped
superconductivity, as concluded from specific heat mea-
surements [8]. We demonstrate that a nodeless d + d
band-mixing pairing state can account for the tempera-
ture dependence of both the superfluid density and spe-
cific heat. This state has the necessary sign change of
the superconducting order parameter along QAF on the
heavy Fermi surface deduced from INS [14], and is con-
sistent with the lack of a coherence peak in 1/T1(T ).
The model also explains the consistency of d-wave super-
conductivity at higher temperatures, previously reported
from 1/T1(T ) measurements [15, 18, 32]. We therefore
propose this d + d band-mixing pairing state to be the
superconducting order parameter of CeCu2Si2. Given
that this is also a strong candidate pairing state for FeSe
based superconductors [36], such a pairing model may
well be applicable to a wider range of fully gapped uncon-
ventional superconductors, including the case of a single
CuO2 layer [45].
METHODS
CeCu2Si2 single crystals were synthesized by a mod-
ified Bridgman technique using a self-flux method [46].
The temperature dependence of the London penetration
depth shift ∆λ(T ) = G∆f(T ) was measured down to
about 40 mK using a tunnel diode oscillator (TDO) based
technique [47], where ∆f(T ) = f(T )−f(0), f(T ) is the
resonant frequency of the TDO coil, and G is a calibra-
tion constant [48].
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8Supporting information
Theory of the d+ d pairing
A priori, the d+d multiband pairing functions used in
the analysis described in the main text can (i) produce
a full gap along the Fermi pockets illustrated in Fig. 4
(main text) and (ii) introduce a sign change between re-
gions of the Fermi surface connected by the antiferromag-
netic wavevector QAF and hence allow for the presence
of an in-gap (below 2∆) peak in the dynamical spin sus-
ceptibility. Reconciling points (i) and (ii) is crucial for
any proposed pairing, as indicated by the experiments
discussed in the main text. This pairing function has
clear conceptual advantages over the more conventional
single and two s-wave gaps or the single d-wave gap, all of
which are also minimal and phenomenological, but have
difficulty allowing for both requirements (i) and (ii).
A pairing of multiband d+d type was initially proposed
in Ref. 36 by two of the authors, in the context of similar
experimental results for Fe-chalcogenide superconductors
(SC). In view of the availability of detailed effective tight-
binding models and of well-established orbital-dependent
correlations in that case, the pairing was introduced in
an orbital basis. Dubbed an “sτ3” pairing, it consisted of
the direct product of an s-wave form factor and a Pauli
matrix τ3 in the space of 3dxz and 3dyz orbitals, which al-
together change sign under a pi/4 rotation in the Brillouin
zone (an irreducible B1g representation of the D4h point
group). One of the essential aspects was that in a well-
defined, minimal two-orbital model, the non-interacting
band part and the pairing matrices do not commute.
In an equivalent band basis, this results in both intra-
and inter-band pairing components, which are associated
with dx2−y2(k) and dxy(k) form factors respectively:
∆(k) = ∆1(k)[dx2−y2 ]α3 +∆2(k)[dxy]α1. (S1)
where α3 and α1 are Pauli matrices in band space. The
intra-band pairing, denoted by α3, must vanish along
the diagonals of the BZ, while the inter-band pairing,
marked by α1, vanishes along the axes. Crucially, both
components cannot vanish simultaneously, excluding the
zeroes of a common s-wave form factor. As an important
consequence, the gap is essentially given by the quadra-
ture of the two components and is finite throughout the
FS. The situation in this case is illustrated by Fig. 1 in
Ref. 36.
While the two-orbital model allows for analytical stud-
ies of the gap structure and excitation spectra, the sτ3
pairing is readily generalized to more complex cases. In-
deed, in a more realistic five-orbital model for the Fe-
chalcogenides, it was shown in Ref. 36 that the properties
i) and ii) stated above are the robust characteristics of
the pairing state.
While the analysis of a d+dmultiband pairing function
in the case of the Fe-based SC was greatly aided by the
availability of established models, the essential insight
into the advantages of minimal two-band d + d pairing
can be readily generalized to other SCs and to CeCu2Si2
in particular, on a phenomenological basis. In this case,
we propose a two-band minimal pairing matrix which
parallels (S1) but simplifies ∆1(k)[dx2−y2 ] and ∆2(k)[dxy]
by ∆1 cos(2φ) and ∆2 sin(2φ) respectively:
∆ˆ = ∆1 cos(2φ)α3 +∆2 sin(2φ)α1, (S2)
where the cos(2φ) and sin(2φ) stand for effective dx2−y2
and dxy form factors respectively. The effective gap
is then given by |∆ˆ|2, which, in view of the anti-
commutation of the Pauli matrices, reproduces the ex-
pression given in the main text. For CeCu2Si2, the ana-
logue of Fig. 1 of Ref. 36 is given in Fig. 4 of the main
text.
Finally, we note that sτ3 is one of the pairing states
driven by magnetic fluctuations. Indeed, in the micro-
scopic models for the Fe-based SCs in which unconven-
tional superconductivity is induced for short-range spin-
exchange interactions, the phase diagram for the super-
conducting pairing state was studied in Ref. 36. It was
shown that the sτ3 pairing is stabilized over an extended
region of the phase diagram. It is worth underscoring
that the entire pairing function in (S1) –as opposed to the
individual ∆1(k)[dx2−y2 ]α3 intraband or ∆2(k)[dxy]α1
interband component – describes this pairing state. This
property carries over to the case of (S2) proposed for
CeCu2Si2. Thus, the entire pairing function corresponds
to a single pairing channel and, in particular, the intra-
band and interband components admit no linear coupling
and will have the same temperature dependence.
In short, the minimal d + d multiband pairing pro-
vides a simple scenario which can in principle reconcile
seemingly contradictory experimental signatures. In par-
ticular, it provides a good fit to the observed penetration
depth and superfluid-density measurements.
Fitting the low temperature penetration depth
The temperature dependence of the London penetra-
tion depth shift ∆λ(T ) = λ(T )−λ(0) was analyzed using
both a model for a fully gapped superconductor and a
power law relationship ∼ T n, as described in the main
text. The fitting with the power law was performed from
the base temperature of 40 mK up to a temperature Tup,
and the dependence of the exponent n on Tup was ob-
tained. The data were fitted using a standard weighted
least squares method. The weights were given by 1/σ2i ,
where σi is the uncertainty of the i
th data point. Since a
large number of datapoints were measured for TDO, σi
were estimated from the standard deviation of the data
within narrow temperature intervals.
9FIG. S1. The dependence of the exponent n on Tup upon
fitting ∆λ(T ) with a ∼ Tn dependence for both samples. The
shaded areas show the area enclosed by the 95% confidence
intervals. (b) The dependence of the goodness of fit χ2 on
Tup for both samples.
The dependence of the exponent n on Tup is displayed
in Fig. S1(a). For both samples there is an increase of
n with decreasing temperature, with an exponent signif-
icantly larger than two. The shaded areas illustrates the
95% confidence intervals, showing that there is a high
level of confidence that the exponent is greater than two
at low temperatures. This is clear evidence for nodeless
superconductivity. The goodness of fit,
χ2 =
1
N
N∑
i=1
(λi − λfit)
2/σ2i , (S3)
for the fits of the power law behavior is displayed in
Fig. S1(b), where λi are the experimental datapoints,
λfit are the calculated model values and N is the num-
ber of degrees of freedom (≈ number of datapoints). At
low temperatures χ2 is close to one, indicating the data
are well described by an exponent larger than two, but
there is no evidence that the model overfits the data.
